Capture of small cells by the copepod Eucalanus elongatusl
Abstract-Calanoid copepods feed by detecting and actively responding to relatively large individual cells and by accumulating smaller cells in a relatively passive manner by low amplitude flapping of the second maxillae. Films of Eucalams elongates passively collecting 13-pm Thalassiosira weissflogjii cells show that cells flow between the setae from the outer to the inner surface of the second maxillae. They are then funneled medially toward the setal tips and mouth, usually without adhering to the setae. The observed patterns of water flow contradict both the early descriptions of filter feeding and the expectation of negligible flow through setae in a low Reynolds number environment.
Previous films of the copepods Eucalanus pileatus and Paracalanus sp. feeding on single-celled algae indicated that cells as small as 11 pm could be individually detected by the cephalothoracic appendages and captured by oriented motions of the second maxillae (Paffenhijfer et al. 1982; Price et al. 1983 ). Cells smaller than 11 pm appeared to be collected in a relatively passive manner involving continuous low amplitude flapping of the second maxillae (Price et al. 1983 ). However, our camera system could not resolve the paths of cells smaller than 6 pm as they neared the animal, so we were unable to determine the actual functions of these movements during small cell capture. Jorgensen (1983) stated in a review of the fluid mechanical aspects of suspension feeding that it was not yet clear how copepods feed on particles too small to be handled individually.
We have addressed this problem by filming the large copepod Eucalanus elongatus feeding on 13-pm cells of Thalassiosira weissflogii. Large copepods have a reduced ability to individually detect and capture cells as small as T. weissflogii (Price and Paffenhofer in press), predominantly relying on passive accumulation. This factor allowed us to view the mechanism of collection of smaller cells while using cells large ' This work was supported by NSF grant OCE 8 l-17761 to G.-A.P. enough to be readily resolved by our camera system.
Eucalanus elongatus adult females were collected about 115 km SSE of Savannah, Georgia. This species is usually referred to as E. elongatus (Bowman 197 l) , but Fleminger and Hulsemann ( 1973) identify it as Eucalanus hyalinus, within the E. elongatus species group. In the laboratory, females were transferred to preconditioning cultures of 0.5 mm3 liter-' of T. weissflogii and kept at 20°C. Algal numbers were determined with a model TA II Coulter Counter, and aliquots of the culture were added to 0.8-pm Millipore-filtered seawater. Two females were pipetted into each 2-liter jar, placed on a wheel rotating at 1 rpm, and allowed to feed for 3-5 days before filming, with minor daily adjustments made to maintain the mean algal concentration at 0.5 mm3 liter-l. Females were transferred to 2-liter jars containing T. weissfogii concentrations of 0.15, 0.35, 0.55, or 1.1 mm3 liter-l 3.5 h before filming. These concentrations span the range of food available to these animals on the outer continental shelf of the southeastern U.S. All algal cultures were allowed to acclimate to the seawater for 3 h before the copepods were introduced.
At the time of filming, tethered females were transferred to a cuvette containing 400 ml of the culture on which they had fed for the past 3.5 h. Details of the tethering and filming techniques are given by Alcaraz et al. (1980) and Price et al. (1983) . Films of 14 individual females (.x cephalothoracic length = 5.4 mm, SD = 0.17) were taken at either 125 or 250 frames per second, each film lasting 32 or 16 s. All films were made between 1500 and 1700 hours to avoid possible diurnal changes in feeding behavior.
Films were analyzed frame-by-frame on a Vanguard motion analyzer to obtain the type and timing of various feeding motions. We also determined positions of the appendages and cell paths over time by digitizing position coordinates and recording the data with a Hewlett-Packard computer. Spatial locations of cell paths were obtained by tracing the outline of the second maxilla (M2) on the projected film image and then mapping the digitized cell positions in relation to the image. The location of the cell path on the film could be determined since cells behind the appendage were partly obscured from view by the setae in certain frames. There was also a marked change in clarity as cells moved between the setae to the inner surface of the M2 on which the lens was focused. Cell paths on top of the appendage could be determined from both increased cell resolution and the partial obliteration of underlying setae.
The data presented here are pooled from films of all algal concentrations, since the mechanism of small cell capture did not vary with concentration.
Eucalanus elongatus individually detected and actively handled only 27.3% of the 117 observed captures of T. weissflogii cells.
Most cells of this size were collected by regular low amplitude motions of the second maxillae. We call this the passive feeding mode because neither the M2 nor the other appendages deflect from their normal pattern of movement at the approach of a cell (Fig. 1) .
Examples of representative cell paths during passive capture are shown on a tracing of the filmed image of the copepod in Fig. 2. The majority (89.5%) of passively captured cells approach the M2 from the outer surface of the appendage (i.e. the surface facing laterally). The cells then pass between the setae of the second maxillae to the inner surface, as indicated by digitized positions of representative cell paths in Fig. 2a and b. The inner surface of the M2 is the side which faces medially toward the opposite M2. We observed cells approaching the outer surface and passing between setae in all regions of the M2, i.e. through both the proximal and distal segments and near the base, midregion, and tips of the setae. After reaching the inner surface of the M2, the cells are deflected medially toward the tips of the innermost proximal setae near the mouth.
Occasionally ( 10.5% of passive captures) cells approach the M2 along the inner side of the appendage, without passing between the setae. The cells are swept into the region between the left and right M2 from the distal (Fig. 2c) or basal periphery of the appendage. Cells approaching the mouth along any of the above pathways may be briefly deflected from their trajectory by the low amplitude flapping of the M2 (Fig. 2~ ).
The direction of particle passage through the maxillary setae of E. elongatus contrasts strongly with early descriptions of particle flow in the copepods Diaptomus gracilis (Cannon 1928) and Calanus Jinmarchicus (Cannon 1928; Gauld 1966 ). Cannon and Gauld described a "filter chamber" in which the sides are formed by the M2, the roof is the body wall, and the floor is the tips of the swimming feet. The only entrance to this chamber for water and particles was thought to be posteriorly between the maxillipeds and the first pair of swimming feet. Movement of the first maxillae was described as sucking water out of this chamber through the maxillary setae, trapping particles on them. Thus the described direction of water flow is from the inner to the outer surface of the M2, rather than the reverse direction we found for E. elongatus. The direction of water flow between setae described here for E. eZongatus is probably facilitated by the orientation of the setules which line the setae. The setules do not lie in the same plane as the setae but are angled slightly inward Fig. 2 . Representative digitized cell paths across the 2nd maxillae during passive capture of Thalassiosira weiss.$!ogii cells by EucuZunus elongatus. A-Anterior; P-posterior; LB-labrum; MP-mandibular palp; M lfirst maxilla; M 1 E-first maxilla endite; M2 -second maxilla; MXP-maxilliped, OS-outer surface; IS-inner surface. View is focused on the inner surface of the left M2, which is held at an angle ventro-lateral to the body wall. Not all of the setules are in focus in view a and all setules were omitted in views b, c, and d for clarity. The low amplitude motions of the M2 were omitted for clarity, and the position of the appendage was fixed at midcycle. a. Cell approaches from outer side of M2, passes between setae at the proximal-distal joint, then is swept across inner surface of the M2 toward the setal tips and MlE without sticking. b. Cell path similar to view a, but cell passes between M2 setae near MIE. c. Cell approaches M2 from the inner side through the space between the left and right M2. No passage between setae. d. Cell approaches from outer side of M2 and passes between setae of the distal segment, but sticks to the appendage briefly at several locations as it is swept across toward the MlE.
toward the inner side of the appendage. Thus water should be funneled between setae from the outer to the inner surface more readily than in the reverse direction. This setule arrangement may also prevent cells from passing between the setae from the inside to the outside of the M2, thereby increasing the efficiency of capture by reducing the loss of small cells. Although there may be real differences between the flow patterns of Diaptomus and Eucalanus, the apparent discrepancy may be an artifact created by the extremely small volume of water used in the earlier studies, in which animals were either wedged between a slide and coverslip (Cannon 1928) or swimming at the air-water interface at the edge of a cavity slide or watch glass (Gauld 1966 rather than an open sieve. Price et al. (1983) setae of E. elongatus (38) was not signifihypothesized that the low amplitude flapcantly different from the number of cells ping motion of the M2 of E. pileatus served that passed between the distal halves (39) to reduce the boundary layer, allowing water (x2 test, P > 0.90). This suggests that water and small cells to move between the setae. flows relatively evenly through all regions
We examined these arguments for E. elon-of the appendage, contrary to the expectagatus by calculating Re at the tip, midretions based on boundary layer estimates. gion, and base of a representative seta in the This discrepancy may be due to the high midregion of the M2 during low amplitude degree of uncertainty inherent in the boundflapping. These represent maximum esti-ary layer equation or to the equation's inmates of Re since they are based on the adequacy when applied to the complex varipoints of maximum velocity of setal moveable speed movements of an oscillating ment for each flapping cycle. Using the Re appendage. The boundary layer estimates estimates, we calculated the width of the may also be inaccurate due to flows created boundary layer around the seta according by the movement of other appendages near to Ellington ( 1975) . the M2. Reynolds numbers for all three setal positions (Table l) , although larger than values for the smaller E. pileatus (Koehl and Strickler 198 1) and Diaptomus sicilis (Vanderploeg and Paffenhiifer 1985) , are within the range of values where inertial forces are negligible and viscous flow patterns should predominate (Vogel 198 1) . The boundary layer estimate is smallest at the setal tips, which are thinner and move at higher velocities than more basal regions of the appendage (Table 1) . The boundary layer surrounding the setal tip is less than half of the distance to the adjacent seta, suggesting that water flow could be unrestricted midway between setae in this region. The boundary layer around the midregion and base of the seta is more than half the distance to the adjacent seta. This estimated overlap of boundary layers has also been reported for E. pileatus (Koehl and Strickler 198 1) and D. sicilis (Vanderploeg and Paffenhofer 1985) and should theoretically reduce the flow of water between the setae. However, the number of passively captured cells which passed between the basal halves of the M2 Most cells that enter the M2 by the pathways described above for E. elongatus traversed the entire width of the M2 toward the tips of the innermost proximal setae (i.e. those closest to the body wall) without sticking to the setules. However, 23% of the 117 cells observed stuck to the appendage at various points along the setae, either at their entrance point onto the M2 or during their passage across the appendage to the setal tips (e.g. Fig. 2d ). These cells stuck until loosened by the motions of the M2 or removed by a combing motion with the endites of the first maxillae. The endites are short handlike structures with stout setae (see Fig. 2 ) which interdigitate with the tips of the M2 setae during their regular flapping, serving to push cells which accumulate near the tips of the M2 into the mouth. During the occasional combings of the M2, the endite extends its motion further down toward the midsections of the M2 setae while the M2 setae simultaneously move up further between the endites. These combing motions serve both to remove cells that may be adhering to the setae and to push cells that have accumulated at the M2 tips into the mouth.
Most of the small cells captured by E. elongatus crossed the second maxillae and moved laterally across the appendage without sticking-i.e. they were funneled toward the mouth rather than "filtered."
Vanderploeg and Paffenhiifer ( 19 8 5) also found that 6-12-pm cells captured by the freshwater copepod D. sicilis were funneled across the surface of the M2 without sticking, although they could not see cells passing between the M2 setae. Several workers who assumed that copepods were filtering cells have suggested that the spacing of the setules determined the efficiency with which various cell sizes were captured (Nival and Nival 1976; Boyd 1976) . However, since adhesion to the setules is not a criterion for successful capture in either the passive or active feeding mode, setule spacing may be relatively unimportant in determining retention efficiency. A more likely explanation for patterns of increased retention efficiency with increased cell size is that large cells which are more often detected individually have higher encounter probabilities than small cells which are passively accumulated by the M2 (Price and Paffenhiifer in press ). This factor may also explain the observation of Gifford et al. (1981) that the rate of ingestion of T.
weissflogii cells is reduced when their fibrils are experimentally removed.
We believe that the capture mechanism described here for E. elongatus may also be used by other Calanoid copepods when feeding on particles too small to elicit individual capture responses. Preliminary films of the subarctic Pacific copepod Neocalanus cristutus showed the same type of low amplitude M2 flapping, and we were able to resolve the paths of T. weissflogii cells entering between the setae from the outer to the inner surface and then crossing the M2 toward the mouth without sticking. Various degrees of low amplitude M2 movement have been observed on films of a wide range of other species, including E. pileatus, Eucalanus crassus, Eucalanus attenuatus, Paracalanus sp., Neocalanus plumchrus, Temora stylifera, Temora longicornis (Price et al. 1983, pers. obs.) and the freshwater species D. siciZis (Vanderploeg and Paffenhiifer 198 5) .
This type of movement has also been reported for T. Zongicornis (Yule and Crisp 1983) and Calanus pactjicus (Frost 1977) . Other species such as Centropages typicus (Cowles and Strickler 1983, pers. obs.) appear to always hold the second maxillae stationary unless responding to individually detected particles. More work is needed to determine the extent to which each species can alter its "characteristic" level of M2 movement in response to cell size and concentration. However, preliminary films and literature reports suggest a continuum ranging from species that nearly always hold the M2 stationary to those that nearly always flap them at relatively high amplitudes. Interspecific variation in M2 movement may prove to be a good predictor of which species rely more heavily on continual ingestion of small cells and which species tend to wait for detection of individual large particles.
Another indicator of the degree of reliance on the relatively passive feeding mode may be the area covered by the M2 relative to the body size. Increasing the area of the second maxillae should increase the collection of small particles by increasing the total amount of water flowing through the setae (Frost et al. 1983 ) but may not be as important for the capture of larger cells that can elicit oriented capture responses from the M2 after detection by other feeding appendages. M2 area may be important for copepods in very dilute environmental concentrations of small cells, as suggested by Frost et al. ( 1983) for Neocalanus in the subarctic Pacific.
